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I. INTRODUCTION
The microelectronic industry is a diverse industry that has grown tremendously over the past several decades. As one of the crucial microelectronic products, integrated circuits (ICs) have penetrated virtually all aspects of daily life [1] [2] [3] . The demand for electronic products with high pin-count IC installations and high assembly density, such as scientific instruments, mobile phones, computers and cars, has been growing, which calls for high performance semiconductor interconnection technology between chips and packages 4, 5 .
Thermosonic wire bonding achieves electrical interconnections between ICs and small pads on the lead frame/substrate using fine gold or other metal wires. It has been considered as the most cost-effective and flexible interconnecting technology for microelectronic device packaging and has been widely used within microelectronic packages of nearly any type 6 . Everincreasing demands for higher productivity and better product quality in advanced semiconductor manufacturing industries _____________________________ a) Author to whom correspondence should be addressed. Electronic mail: wangfujun@tju.edu.cn motivate the development of automatic wire bonding. A smaller pad size and finer pitch of semiconductor products require that high speed precision wire bonding equipment works in extreme conditions 7 . As an important component of automatic wire bonders, wire clamps perform high-frequency open and close operations during wire bonding process (shown in Fig.1 ),
and their characteristics have a significant influence on wire bonding performance 8, 9 . As a result, it is essential to design novel high-performance wire clamps to improve wire bonding efficiency and quality.
FIG. 1.The working process of theromosonic wire bonding.
The design of clamps with different specifications has received considerable attention from researchers 10 . Most traditional wire clamps used for wire bonding adopt electromagnetic actuators as drivers 11, 12 and complex mechanisms as motion transmission parts. These kinds of clamps show appropriate performance. However, their applications in high speed wire bonding are limited due to a complex fabrication and assembly process as well as their poor anti-jamming characteristics 13 . Electrostatic and electrothermal actuators have been used in microgrippers, but these grippers usually generate a very low grasping force, and thus are not suitable for wire bonding [14] [15] [16] . Shape memory alloy actuators can produce large strokes.
However, they can cycle only a few times before complete immobilization and have high fabrication costs, hysteresis, and short lifetime 17 .
Piezoelectric (PZT) actuators have the advantages of high force output to weight ratio, fast response and zero backlash [18] [19] [20] [21] [22] [23] [24] [25] , and thus they have been widely used in microgrippers. Chen at al. 26 proposed a PZT driven flexure-based microgripper for optical fiber assembly. Zubir et al. 27 developed novel hybrid flexure-based microgrippers for precision micro-object manipulation with an amplification ratio of 3.68 and a maximum jaw traveling range of 100µm. A novel driving principle was presented by Huang et al. 28 by means of the parasitic motion of PZT actuated microgrippers. Although these microgrippers show appropriate performance, they are generally used for micro-object manipulation and assembly without considering high speed operations. As a result, they can not meet the stringent requirements of high speed precision wire bonding operations because vibrations can be generated during high frequency close and open motion, which will affect the bonding quality, even lead to bonding failures.
A novel monolithic piezoelectric actuated wire clamp is presented in this paper. A two-stage flexure-based amplification is designed, and a homothetic bridge type mechanism and parallelogram leverage mechanism are utilized to ensure high speed, parallel and robust jaw grasping. The kinematic, static and dynamic models of the wire clamp are established; then the clamp characteristics are analyzed using finite element analysis (FEA). The wire clamp is fabricated, and experimental tests are carried out to investigate its performance. Figure 2 shows the mechanism of the piezoelectric actuated flexure-based wire clamp consisting of a stack piezoelectric ceramic actuator (SPCA), a pair of grasping jaws, a preload bolt, a base and a motion transmission mechanism designed as a two-stage amplification including a homothetic bridge type mechanism and a parallelogram leverage mechanism. As shown in Fig.2 , the SPCA is connected with the motion transmission mechanism through the preload bolt at one end of the SPCA, and the preload force to the SPCA can be adjusted by the bolt. Both of the grasping jaws are fixed to the base, and the wire clamp is designed symmetrically along the longitudinal axis of the piezoelectric actuator to avoid shear force and bending torque acting on the SPCA. The motion transmission is realized through the two-stage amplification. The homothetic bridge-type mechanism is composed of a connecting rod mechanism (A-B-C-D) based on double-notch circular flexure hinges, and its working principle is shown in Fig. 3(a) . In order to obtain a large amplification ratio, a leverage mechanism (E-F-G) integrated within a parallelogram mechanism (F-G-H-I) at each side of the wire clamp was designed as the second-stage amplification connected by two flexure hinges of the connecting linkage. As shown in Fig. 3(b) , pure jaw translations can be realized through the parallelogram mechanism, thus avoiding the sliding between the wire and jaws during grasping process, and more stable and firm wire grasping can be ensured due to the fact that the grasping force will act normal to the wires compared with the angular grasping mode 27 . In order to grasp an object, a voltage should be applied to the SPCA to make it expand and push the homothetic bridge-type mechanism (A-B-C-D); then the homothetic bridge-type mechanism will pull the leverage mechanisms (E-F-G-H-I), causing the gripping jaws to close to grasp the manipulated wires. After power is switched off, the SPCA will retract to its initial position, and this causes the grasping jaws to open and release the manipulated wires. 
II. CONFIGURATION OF THE WIRE CLAMP

III. MODELING AND DESIGN
A. Kinematic modeling
According to the Pseudo Rigid Body Model (PRBM) approach, the flexure hinges can be considered movable hinges with torsion springs while the drift of the rotational centers and the stiffness of flexure hinges are not taken into consideration and the links can be considered as rigid rods. As a result, the equivalent model of the piezoelectric actuated wire clamp is shown in Fig The angle α is the angle between linkages BC and BE, and the linkage AF has the angle β from the x-axis positive direction.
The following equations are based on the geometric and motion relationships:
Differentiating Eqs (1) and (2) with respect to time yield
Let the real and imaginary parts be equal, respectively, and thus the following relationship can be written:
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The displacement amplification ratio can be calculated as
where The velocities of points D and G can be written as
Substituting Eq. (5), (6), (8) and (9) 
B. Static modeling
When a small displacement d in from the SPCA is applied to the input terminal of the wire clamp, the angle increments of each moving linkage can be obtained. Furthermore, the rotational angles of the flexure hinges can be calculated as
( 1) Based on the PRBM approach, the static modeling of the wire clamp is performed to describe the force-deflection relationship of flexure hinges. The wire clamp is subsequently transformed into a rigid body mechanism by replacing the flexible segment with equivalent rigid joint and torsional spring. This approach will simplify the model to enable a conventional rigid body kinematic analysis to be performed for further investigation of the grasping performance and acquiring various critical design parameters.
The torsional spring constants of the flexural hinges can be estimated by where r i and t i are the radius and thickness of the ith flexure hinge, respectively; E is the elastic modulus of the material, and B is the thickness of the wire clamp.
Since the flexure hinge in homothetic bridge-type mechanism should be the same to maintain symmetry, r 1 is defined as the radius of flexure hinges in the bridge-type mechanism; r 2 to be the radius of the flexure hinges in the connecting linkage, and r 3 to be the radius of the flexure hinges in the parallelogram mechanism. Furthermore, the torque M i , generated at the rotational center of the flexure hinges can be calculated by ,...,
where the negative sign indicates that the torque has the opposite direction with the rotational motion of the flexure hinge.
In order to derive the input stiffness of the wire clamp, the Castigliano's first theorem is adopted and expressed as
where d in is the deformation due to the applied force, F in is the applied force, and U is the deformation energy and given as ( 1)
The applied force can be expressed as ( 1)
(
The input stiffness of the wire clamp can be derived as
Considering the PRBM of the wire clamp with external forces on the input terminal and jaw, and torques at each joint, the following equation can be obtained:
Eq. (30) describes the relationship among the output force, the input force, input displacement, output displacement, input stiffness and displacement amplification ratio of the wire clamp. It is known that the larger the displacement amplification ratio R amp , the smaller the output force F out . When the wire clamp does not grasp the wire, the output displacement is determined by the geometrical parameters of the wire clamp and the input force. When grasping the wire, the output displacement does not change when increasing the input force and the input displacement because the grasping jaws are fixed. Generally, the grasping jaws will close and then grasp the wire with increasing voltage applied to the wire clamp.
For further evaluation of the stress concentration at each flexure hinge, the reaction forces and torque of each flexure hinge should be determined as shown in Fig.5 . Through the static equilibrium analysis of each rigid linkage, the following equations can be obtained: 
where 1
FIG. 5. Static force analysis.
For each flexure hinge, the maximum stress σ max occurs at the outer surface of the thinnest part, and it can be expressed as   
The maximum allowable stress is considered. Thus
where [σ] denotes the tensile yield stress and n a (n a >1) is the factor of safety.
C. Dynamic modeling
The natural frequencies can be derived by using the Lagrange's equation which can be expressed as 1, 2,..., ,
where T and V are the total kinetic energy and potential energy of the system, respectively, q i is the generalized coordinate, n is the number of generalized coordinates and F i represents the generalized nonconservative force.
The total kinetic energy of the system can be expressed as   
, and 2 in amp out
The natural frequencies can be calculated as
D. Optimization design
Optimization design is carried out. The working mode frequency is chosen as the optimization objective function, and the input stiffness and the maximum stress are the constraints. The optimization work is concluded as follows:
1) Objective: Maximize the working mode frequency (f 1) .
2) Related parameters: t, r1, r2 and r3.
3) Subject to: 
IV. CHARACTERISTIC ANALYSIS
The characteristics of the wire clamp were investigated using FEA, and the finite element model was established with the aid of ANSYS software to investigate the displacements of the jaw as well as flexure hinges and moving linkages, maximum stress concentration, and dynamic performance, etc. The actuation displacement was applied by the SPCA on the input terminal of the wire clamp. The deformation behavior of the jaw as well as flexure hinges and moving linkages under the input displacement of 10μm applied by the SPCA is shown in Fig.6 . The maximum displacement of a jaw can reach 97μm which can enable firm and robust grasping operations with a large range of wires. Thus the displacement amplification ratio of one gripping jaw is 19.4. The displacement amplification ratio by FEA is smaller than the mathematical amplification ratio of 21.7, mainly because of the "displacement loss" effect arising from the combination of lever arm bending and connection flexure stretching which causes the actual lever amplification ratio to be smaller than the ideal value. FEA result shows that the maximum stress generated at the flexure hinge D is 192MPa, and it is far less than the yield strength (503MPa) of the material. Figure 7 depicts the range of grasping clearances for the clamp's jaws by FEA.
Modal analysis is a very effective method to examine the dynamic performance of the wire clamp. Through modal analysis, the first four natural frequencies and corresponding mode shapes were obtained and shown in Fig.8 . The first mode shape of the wire clamp is that the jaws and the parallelogram mechanism vibrate in the same direction and the corresponding natural frequency is 672 Hz. The second mode shape shows the jaws vibrate in the opposite directions and the corresponding natural frequency is 920 Hz. In the third mode shape the beam of the homothetic bridge-type mechanism swings along the horizontal direction and the corresponding natural frequency is 1676 Hz. V. EXPERIMENTS Figure 9 shows the prototype of the wire clamp actuated by a stack piezoelectric ceramic actuator (SPCA) (type: XP 5×5/18, output displacement: 0-18μm, applied voltage: 0-150V, maximum driving force: 1400N). The wire clamp was fabricated through wire electro-discharge machining (wire EDM) technique to guarantee the geometrical accuracy of the crucial sections of the clamp, and it was made from the material of AL7075-T651, which has the property of high elasticity, yield strength and light mass. The wire clamp performance was investigated, and the experimental setup is displayed in Fig. 10 , which is mainly composed of the developed wire clamp, laser displacement sensors (LK-H050 from Keyence, Inc) and the voltage control unit including the PI voltage amplifier, dSPACE DS1103 controller and universal interface, and the computer. All the devices were placed on a vibration-isolated Newport RS-4000 table. The basic operation of the system was carried out by applying the desired voltage from the voltage control unit to the SPCA to activate the output motion at the tip of the wire clamp. By changing the driving voltage the stable operations were offered to implement continuous expansion and retraction motions.
The wire clamp was preloaded through tightening the preloaded bolt against the base, and the initial clearance of the jaws was pre-adjusted as 400 μm. The grasping behavior of the wire clamp was observed with the aid of a microscope with a super depth 3D analysis system (VHX-1000 from Keyence, Inc), and the variable clearances of the grasping jaws during grasping motion are shown in Fig. 11 . Experiments were carried out to evaluate the grasping capacity of the wire clamp through grasping a gold wire with a diameter of 25.4μm and a copper wire with a diameter of 100μm. The grasping process was captured by a super depth 3D
analysis system (VHX-1000 from Keyence, Inc) with a high pixel resolution, and Figs.12 and 13 provide the grasping process of the gold wire and copper wire, respectively. The step response of the wire clamp was investigated. A step voltage with amplitude of 10V is utilized to actuate the wire clamp, and the displacement response was recorded and shown in Fig.16 . The overshoot of the motion is 1.3µm, the displacement steady-state error is 0.2µm, and the setting time is 21ms. The result shows that the wire clamp provides for good performance, and high speed precision grasping operations can be realized using the wire clamper.
The resolution of motion system is the minimal displacement of system steady-state motion. Reducing the motion increments gradually, the resolution of the system can be obtained through observing the minimal displacement value from the system is in steady state motion. From Fig. 17 , it can be seen that the resolution is 0.2μm. 
VI. CONCLUSION
The mechanism, modeling, characteristic analysis, fabrication and experimental test of a novel piezoelectric actuated wire clamp have been reported in this paper. A large displacement amplification ratio has been achieved through a two-stage flexure-based amplification and parallel jaw grasping has been realized. By use of the PRBM and Lagrange approaches the kinematic, static, and dynamic models have been established. The characteristics of the wire clamp have been analyzed using FEA and it has been manufactured through wire EDM technique. Experimental tests have been implemented to examine the performance of the wire clamp, and the results show that the amplification ratio of the developed wire clamp is 20.96, and the working mode frequency is 895 Hz. The wire clamp has successfully grasped gold and copper wires. The step response and motion resolution of the wire clamp has been investigated, and the results indicate that the wire clamp provides for good performance and high speed precision grasping operations can be realized using the wire clamper.
